The sound produced by a fast parton in the quark-gluon plasma is a "crescendo 
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We calculate the total energy deposited into the medium per unit length by fast partons traversing 
a quark-gluon plasma. The medium excitation due to collisions is taken to be given by the well 
known expression for the collisional drag force. The radiative energy loss of the parton contributes to 
the energy deposition because each radiated gluon acts as an additional source of collisional energy 
loss in the medium. We derive a differential equation which governs how the spectrum of radiated 
gluons is modified when this energy loss is taken into account. This modified spectrum is then used 
to calculate the additional energy deposition due to the interactions of radiated gluons with the 
medium. Numerical results are presented for the medium response for the case of two energetic 
back-to-back partons created in a hard interaction. 

PACS numbers: 12.38.Mh 



Experimental results from the heavy-ion program at 
the Relativistic Heavy-Ion Collider (RHIC) indicate the 
creation of a new state of nuclear matter known as the 
quark-gluon plasma The results obtained so far in- 
dicate some fascinating properties of the quark-gluon 
plasma, not the least of which is the nearly perfect fluid 
behavior apparently exhibited by the medium An- 
other significant observation Q is that highly energetic 
partons which propagate through the medium rapidly 
lose energy and momentum as they interact with the sur- 
rounding matter in a process known as jet quenching [J. 
An interesting question related to the above properties 
is: how does the quark-gluon plasma respond to fast par- 
tons as they propagate through it? This question has 
gained significance in light of measurements of hadron 
correlation functions that are consistent with a conical 
emission pattern 0, H, 0, HI ■ These measurements sug- 
gest that fast partons may generate collective flow, such 
as a Mach-cone shaped shock wave, in the medium. 

While iet quenching has been studied quite extensively 
03 GjJ > theoretical studies of the quark-gluon plasma 
response to fast partons are more recent fl2l . EH, EH EE 
EH E3- The central challenge of this investigation is 
to calculate the energy deposited into the medium per 
unit length by an energetic parton. As the fast parton 
propagates through the medium, it loses energy through 
collisions and medium induced radiation. The energy 
deposited into the medium per unit length is then the 
sum of the collisional energy loss of the primary parton 
and of the radiated gluons. 

In this work we calculate the total energy deposited 
into the medium per unit length by a fast parton travers- 
ing a quark-gluon plasma. The medium excitation due to 
collisions is taken to be given by the well-known expres- 
sion for the collisional drag force [lH. To calculate the 
medium excitation due to radiation, we begin by deriving 
a differential equation which describes how the spectrum 
of radiated gluons is modified as the radiated gluons lose 
energy through collisions. This modified spectrum is then 
used to calculate the differential energy loss due to the 
interactions of radiated gluons with the medium, from 



which we find that the energy which goes into medium 
excitation is substantially less than the total radiative 
energy loss. The final result for the energy deposited 
into the medium per unit length, which is a sum of the 
primary and the secondary contributions, is then treated 
as the coefficient of a local hydrodynamic source term. 
Numerical results arc presented for the medium response 
for the case of two fast, back-to-back partons created in 
an initial hard interaction. 

We start by considering the collisional energy lost per 
unit length by a fast parton in the quark-gluon plasma. 
As mentioned above, for the collisional energy loss we 
will use the familiar expression [l8| 
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where a s = g 2 /4-7T is the strong coupling, mr> is the De- 
bye mass of the medium, which we take to be given by 
tub = gT, E p is the energy of the fast parton, T is the 
temperature of the medium, and C*2 is the eigenvalue of 
the quadratic Casimir operator of the color charge of the 
source parton, which is 4/3 if the fast parton is a quark, 
and 3 for a gluon (we consider N c = 3). In (Q}, the 
subscript C denotes collisional energy loss and £ is the 
path-length traveled by the source parton. 

We are next interested in calculating the energy de- 
posited, or gained by the medium, due to gluons radiated 
by the fast parton. We begin by defining the quantity 
/(w,£) = dlM/dut, which gives the spectrum of radi- 
ated gluons with energy oj in the medium. /(lj,£) is in 
general different than dl/duj, which is the spectrum of 
gluons emitted by the fast parton, because gluons, once 
emitted, lose energy in the medium due to collisions un- 
til they become part of the thermal bath. As a gluon 
with energy u> travels from £ to £ + A£, it loses collisional 
energy e(w) A£, where e(w) is obtained from (fT|) to be 
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Thus, in order to find a gluon with energy ui at position 
£ + A£, there must be a gluon with energy oj + e(w) A£ 
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at position £. Additionally, we require the total number 
of gluons, that is, / duo, to be invariant. This means that 
as uo — > u + e(u>) A£ one has duo — > + In 
equation form, this is 



/(w,^ + AO=/(o; + e(cj)A^O(l + 



duo 



A£). (3) 



Furthermore, as the fast parton moves from £ to £ + A£, 
it will emit additional gluons, A£ x dl/du>d£, which add 
to f(ui, £ + A£). The evolution equation for f(u>,£) thus 
takes the form 

^fM-^)fM] = ^M (4) 

where we have taken the limit of A£ — > 0. 

Equation ((4]) provides a partial differential equation 
through which one can determine the spectrum of radi- 
ated gluons in the medium, In order to solve 
for /, it is necessary to specify dl /duodt;. We choose the 
spectrum calculated by Salgado and Wiedemann in the 
multiple soft scattering approximation [l9| 
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where the logarithm is consistent with ([T]). 

/(w,£) will in general consist of two components: en- 
ergetic gluons which lose energy through collisions and 
low energy gluons which become a part of the medium. 
The total energy being dumped into the medium is then 
given by the sum of the collisional energy loss of high en- 
ergy gluons and the energy absorbed by the medium in 
the form of low energy gluons. We make the distinction 
that gluons with u > uo = 2T are sources of collisional 
energy loss, while those with less energy are considered 
as immediately part of the medium. For lu > Co we solve 
for /(w,£) numerically from equation (fj|]) for a primary 
quark using the parameters: a s — 1/tt, T = 350 McV, 
and E p = 50 GeV. The total energy deposited into the 
medium by the secondary gluons per unit length is then 
given by 



dl 

duoe(uo) f(uo,£) + duouo—— 
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where we set w max = E p /2. The last term in equation 
accounts for energetic gluons which have lost enough 
energy to become a part of the medium and thus deposit 
their entire remaining energy When solving ^ . we mul- 
tiply the spectrum fl5|) by a factor of 1 — (uo/uo max ) 8 to 
ensure it goes to zero at to = uo max . 



The result of ||7J) is shown as the dotted red line in 
Fig. QJa) for the same parameters listed above, along 
with the differential collisional energy loss of the primary 
parton (solid black line) and its differential energy loss 
to radiation (dashed blue curve). One sees that the en- 
ergy deposited by the radiation into the medium per unit 
length has an approximately linear growth in pathlcngth, 
which results from the steady increase in the number 
of gluons that deposit energy in collisions. This linear 
growth is thus of a different origin than what is observed 
in the first few fm of the differential energy loss to radia- 
tion, which is caused by the energy dependent coherence 
length for radiated gluons. If one continues the curves 
shown in Fig. QJa) out to a large enough pathlcngth, the 
dotted red line reaches a steady state solution and merges 
with the dashed blue curve. The individual contribu- 
tions on the right-hand side of (JT]) are shown separately 
in Fig.fllh), together with their sum. 

The total energy deposited into the medium per unit 
length, or time, is given by the sum of (P) and 0, which 
we write as 
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We treat the fast parton as a point source of energy and 
momentum deposition in the medium, with velocity u 
and energy E p . The hydrodynamic source term, denoted 
as J", gives the energy and momentum density deposited 
in the medium per unit time. For a relativistic point 
source, J v takes the following form 



dE 

r(x) = —5(x-ut)(l,u) 
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where dE/dt is given by ((HJl . To make the calculation 
more tractable, we fit the result of to a linear function 
of time, from which we find 
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The fit slightly overestimates the energy deposition rate 
for t < 0.5 fm/c. 

The source term couples to the hydrodynamic equa- 
tions for the medium, d^T^ = J v , where T^ v is the 
energy-momentum tensor. For simplicity, we here con- 
sider the source to be coupled to an otherwise static 
medium at temperature T. Furthermore, we make the 
assumption that the energy and momentum density de- 
posited by the fast parton is small compared to the equi- 
librium energy density of the medium, in which case the 
hydrodynamical equations can be linearized. 

We are here interested in calculating the energy density 
perturbation excited in the medium, denoted as Se = 
5T 00 . The equations of motion for a medium coupled 
to a source in linearized hydr ody namics are discussed in 
several places (for instance, [l3|)- We here write down 
the result for 5e in Fourier space, which, to first order 
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FIG. 1: (Color online) Plot (a) shows the differential energy lost by the fast parton due to radiation and that gained by the 
medium as a function of path-length, L, as well as the collisional energy loss (the specific parameters are discussed in the 
text). The differential energy deposition into the medium is the sum of the solid (black) and dotted (red) lines. Plot (b) shows 
the breakdown of various the contributions to the radiative energy gained by the medium. The dotted (red) line shows the 
collisional energy loss of the radiated gluons. The dash-dotted (green) line shows the the energy radiated in gluons with energy 
below lj, which are assumed to immediately become part of the medium. The (blue) curve marked 'Into thermal medium' 
denotes the last term in JJJ. 



in the ratio of shear viscosity to entropy density, ry/s, is 
given by 



5e{x) 
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where c s denotes the speed of sound, T s = A-q/(3sT) 
is the sound attenuation length, and the source vector 
has been divided into transverse and longitudinal parts: 
J = kJi + Jt, with k denoting the unit vector in the 
direction of k. We here consider two fast partons created 
in an initial hard interaction at time t — 0, which then 
propagate back to back for some time, tM, before being 
absorbed by the medium. In this case © is modified to 
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[5{x - ut) (1, u) + <5(x + ui) (1, -u)] 



where Q(t) is 1 if t > and zero otherwise. The Fourier 
transform of (|12[) can be obtained in a straightforward 
way to obtain an expression for 

The final result for 8e{x) is a sum of contributions 
from the collisional and radiative energy dumped into 
the medium. We calculate the medium response at a 
time t = 8 fm for back to back quarks which are created 
at ■ t = and x = 0, and propagate along the z axis until 
t = 6 fm. Additionally, each quark is assumed to have an 
energy E p = 50 GeV. The result from the collisional and 
radiative contributions are presented separately in Fig. [2 
for a medium with the same parameters used above as 
well as -q/s — 0.2 and c s /c = 0.57. The plot shows the 
energy density wave excited by the source quarks in the 



x-z plane, however, the results are cylindrically symmet- 
ric about the z axis. The Mach cone formation is visible 
in both the collisional and radiative contributions. The 
radiative contribution to the source term, (|12p . exhibits 
a linear growth with time, which is reflected in the shape 
of the resulting energy density wave. 

In summary, we have derived an expression for the to- 
tal energy deposited into the medium per unit length 
(or time) by a fast parton propagating in the quark- 
gluon plasma, including both collisional and radiative 
energy deposition. We have shown that the contribu- 
tion of gluon radiation to the medium excitation grows 
with path length. Our result is reminiscent of, but less 
dramatic than, the increase of the energy deposition by 
a light quark obtained in the strongly coupled supersym- 
metric Yang- Mills theory [22j ■ 

In our formalism, the magnitude of the wave depends 
on the specific value ^ of q, as well as the form of the 
collisional energy loss fl}. It is possible that in the quark- 
gluon plasma produced at RHIC either one or both of 
these has a larger value than that assumed here (see Bass 
et al. [2l| for a range of values of q compatible with ex- 
perimental data). A general feature of our result is that 
the perturbation created in the QCD medium by a fast 
parton will be dominated by the last stage of the phase 
in which color charges are deconfined and highly mobile, 
i. e. just before bulk hadronization. This observation 
may explain why the measured peak emission angle of 
secondary hadrons in the backward direction Q corre- 
sponds to a small sound velocity c s /c w 0.3 consistent 
with values deduced from lattice QCD for T m T c . 

One may ask if the rapid expansion of the medium in a 
heavy-ion collision may result in decreasing rate of colli- 
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FIG. 2: (Color online) Result for the energy density wave (GeV/frn 3 ) excited by back to back quarks propagating along the z 
axis (as indicated by the black arrows) . The plots, which show the collisional and radiative contributions separately, are shown 
in the x-z plane, however, the results are cylindrically symmetric about the z axis. The Mach cone formation is visible in both 
contributions. The radiative induced excitation leads to a t growth in the source strength, which can be seen from the plot. 



sional energy loss that counteracts the growth in time of 
the energy deposition found here. The collisional energy 
loss (HJ) is proportional to q(T) 2 m 2 n . An examination 
of lattice results for mjj |23| shows that this quantity 
is almost independent of T in the range relevant to the 
RHIC experiments. This suggests that the expansion of 
the medium in a heavy-ion collision will not substantially 



alter our conclusions. 
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